Several decades of research have shown that macromolecular damage increases with age and that damage to protein, DNA, lipids, and other macromolecular components appears to be important factors in specific age-related diseases. The strongest evidence that macromolecular damage is a causative factor in aging comes from studies using manipulations that increase life span. However, it is currently unclear whether damage to macromolecules plays a role in the actual processes of aging. In other words, is macromolecular damage driven by aging or is it that damage to a key molecular component directly causes aging?
T HE discoveries in the 1970s and 1980s showing that oxidative damage to proteins (carbonyl groups) and DNA (thymidine glycol and 8-oxodeoxy guanosine) occurred in vivo and increased with age were widely hailed by the aging community as support for the popular Free Radical (or Oxidative Stress) Theory of Aging, which argued that aging was a consequence of stochastic damage accumulation (1) . The accumulation of damaged proteins, lipids, and DNA was postulated to decrease the cell's, and ultimately an organ's, ability to perform its functions, leading to the functional deficits, lower adaptability, and increased pathology/disease that are observed with increasing age. Subsequent studies showed that in addition to classical oxidation, a wide range of other types of damage occurred in these macromolecules.
The strongest evidence that macromolecular damage is a causative factor in aging comes from studies using manipulations that increase life span. Dietary restriction, the most studied manipulation to delay aging, dramatically reduces macromolecular damage to protein and DNA as well as lipids (for a review, see Bokov and colleagues (2) ). The reduced damage is correlated with an improvement in most physiological functions that decline with age and a reduction/delay in almost all disease pathologies associated with aging, including cancer, cardiovascular disease, neurodegeneration, and diabetes/metabolic syndrome. Studies with dwarf mice, which have reduced growth hormone levels and live significantly longer than their wild-type littermates, also support macromolecular damage as an important molecular mechanism in aging.
Dwarf mice show increased resistance to a variety of stresses, and a limited number of studies indicate they have reduced macromolecular damage (3, 4) . However, recent research in transgenic mice that overexpress one or more antioxidant enzymes, as well as mice in which these same enzymes have been reduced or deleted, has shown a striking lack of correlation between longevity and macromolecular damage, at least under the protected and controlled environments used in rodent aging research (5). Furthermore, comparative biology studies using naked mole rats and other species have also shown that species longevity does not always correlate with macromolecular damage per se (6) . Thus, although it is intuitively appealing to assume that macromolecular damage plays a causative role in aging and the onset of age-associated diseases, the current data are contradictory. Of course, treatments such as dietary restriction lead to entire network state changes that reflect a significant degree of interconnectivity among molecular phenotypes that suggest the consequences of such a complex perturbation as dietary restriction are emergent properties of networks as opposed to single hits to multiple different regulators or key enzymes that lead to variations in age-related phenotypes (6) (7) (8) (9) (10) .
How could damage to protein lead to aging? Because proteins play a critical role in catalyzing reactions that are critical to a cell, it was initially suggested that the increased protein oxidation with age would lead to reduced activity of enzymes. Initial studies showing that oxidative damage in vitro to specific amino acid residues reduced the activity of several enzymes supported this concept, especially for those proteins containing metal ions such as iron and copper (11) . Although the activities of many enzymes are altered with increasing age, it is not clear how important damage per se is in age-related changes of activity, for example, the changes might be driven more by changes in expression rather than damage. More recently, it has been argued that protein homeostasis plays an important role in age-related diseases (eg, neurodegeneration) and possibly aging (12) . In addition to affecting protein function, oxidative damage has been shown to alter protein structure/conformation leading to oligomerization and aggregation (13) . Therefore, damage to proteins might lead to aging because of the accumulation of protein oligomers/aggregates, rather than directly through decreased enzymatic function. This concept fits well with reports showing that neurodegenerative diseases, which have age as an important common risk factor, show increased protein oxidation and protein aggregation. Recent comparative studies with long-and shortlived species suggest that the ability of cells to deal with changes in protein conformation that lead to aggregation is enhanced in long-lived species (14, 15) . The article in this issue on "Proteostasis" discusses the role of proteome maintenance in aging.
An alternative mechanism by which macromolecular damage might be causative in aging has come from data showing that damaged proteins can change the redox status and redox signaling in cells/tissues (16) . Changes in redox status can alter cellular functions and appear to play a role in a variety of age-related diseases (eg, cardiovascular disease, cancer, Parkinson's disease, and diabetes), giving credence to the possibility that changes in cellular redox status arising from protein damage might also play a role in aging. Of course, simultaneous changes to many enzymes or other proteins at a level that alters their function may not give rise to simple additive effects, but rather it may lead to unexpected changes in molecular networks that in turn influence a range of phenotypes associated with aging. Individual proteins do not act in isolation, but rather they participate in complex molecular networks comprised of many tens of thousands of dynamic, fluid parts. Even changes to a single protein in a complex network can lead to unexpected changes in the function of other proteins. For example, one recent report on Ras signaling in cancer demonstrated that mutated forms of Ras that were oncogenic led to a different functional role of the protein compared to the wild-type version of this protein (17) .
How could damage to DNA cause aging? First, persistent DNA damage could accumulate with age and interfere with transcription. Based on the extremely low steadystate levels of various types of DNA lesions observed even at old age (18), this seems unlikely; however, it cannot be ruled out. Second, DNA damage can give rise to cellular responses, such as cellular senescence and apoptosis. Senescent cells have been found to accumulate with age as one of the hallmarks of age-related pathology (19) . Hence, it is conceivable that cellular responses to DNA damage are a cause of aging. An important physiological consequence of increased DNA damage that has long been recognized is an increase in mutations, which can lead to cancer. Mutations (and epimutations) are a consequence of errors during repair and replication, and are essentially irreversible. In this respect, they differ from all other forms of molecular damage. Intriguingly, it is by now well established that the genomes and epigenomes progressively differ in the somatic cells of complex organisms and represent genomic mosaics rather than uniform information modules (18, 20, 21) . It has also been established that postzygotic mutations are a frequent cause of autism, schizophrenia, and other diseases with a genetic component. Most strikingly, however, is the age-related increase in the incidence of cancer, a disease that is known to be caused by mutations and epimutations. Therefore, it seems likely that mutations in nuclear DNA are an important causal factor in aging. The same may be true for mutations in mitochondrial DNA; in particular, large deletions may drive accelerated aging in mouse models (22) . Other strong evidence that DNA damage, either through cellular responses or through mutations, is a major driver of aging is the observation that deficiencies in repair of DNA damage lead to the premature appearance of some, but not all, phenotypes of aging (23) .
Chromatin contains the nuclear DNA packaged into nucleosomes and surrounded by myriad types of proteins and RNA species. As the cell ages, chromatin undergoes several changes that are not be classified as damage in the chemical sense but which may lead to increased cellular and organismal aging. Some of these changes are as follows: decreased levels of 5-methylcytosine and histone ADP-ribosylation, and increased levels of tri-methyl histone 4 lysine 20 (24) . At the macro level, heterochromatin amounts increase and senescence-associated heterochromatin foci appear (25) . In addition, there may not be noticeable changes in the gross amount or particular modifications, but their arrangements in chromatin may lead to nonoptimal functioning leading to increased rates of aging.
Another consideration is that although the nucleus can be divided into chromosome territories, there are a dozen or so identified types of structures in nuclei, many of which have unknown functions. The nuclear membrane and lamina are also intimately involved with the chromosomes. For example, defects in the nuclear lamin proteins, such as progerin, result in premature aging laminopathies such as human Hutchinson-Gilford progeria syndrome and restrictive dermopathy (26) . In both cases, patient fibroblasts exhibit defective DNA repair and genomic instability. The culprit in the case of Hutchinson-Gilford progeria syndrome is most often a single de novo point mutation in the lamin A gene that prevents proteolytic processing of prelamin A to mature lamin A by the peptidase zmpste24 (27) . Restrictive dermopathy is due to mutant zmpste24 (28) . The human phenotypes can be recapitulated in zmpste24-null mice, thus linking these laminopathies with abnormal premature aging. However, small amounts of progerin are found in normal human cells, suggesting that the protein may be involved in normal aging and abnormal RNA processing may be accelerated by elevated reactive oxygen species (29, 30) .
Telomeres have been at the center of aging studies for decades. Telomeres shorten with each cell division until they begin to lose their capacity to protect the DNA ends, at which time cells enter a state named replicative senescence. This cessation of replication was considered an explanation for the Hayflick limit in the number of cell divisions for primary cells, although eroded telomeres are not necessary for senescence (19) . Defects in the factors that maintain the telomeres can lead to premature aging syndromes such as dyskeratosis congenita. However, there are some hints that telomeres may lengthen in human adults. A pilot study of men undergoing active surveillance for low-risk prostate cancer showed that those keeping a healthy lifestyle had significantly increased lymphocyte telomere length at the end of 5 years, whereas the telomeres in the controls continued to shorten (31) .
Most studies to date have focused on how one or a few types of damage in one group of macromolecules (eg, protein, DNA, or lipid) affect aging. However, cells are confronted with millions of different types of damage in all macromolecules. For example, in the DNA of just one cell, it has been estimated that 100,000 events of spontaneous damage occur each day (23) . In addition, the different types of damage do not occur in isolation. The factors that cause one type of damage are likely to cause other types of damage, perhaps more akin to a complex system of spider webs in which movement in one part of one web can propagate through to the entire network of webs. At the present time, essentially nothing is known about how an increase in the combination of hundreds, let alone millions, of events of damage in DNA, proteins, and lipids could alter cell function in a way that might lead to an increase in pathology and degeneration, which are hallmarks of aging. A general approach that has the potential to elucidate the complexity Figure 1 . Skin molecular network associated with aging. RNA sequencing was carried out on approximately 100 skin biopsies from individuals ranging from 18 to 90 years of age. The pink and yellow nodes represent gene expression traits measures in these samples, and the blue and red edges represent the directed links between the nodes based on causal associations inferred from an integrated network reconstruction strategy (32) . The yellow nodes and red edges represent a subnetwork that is not only very significantly enriched for genes associated with aging but also for aging-related processes and disorders. By understanding the regulatory networks underlying aging-related processes, we not only provide a more comprehensive context within which to understand identify the key regulators of such processes and as a result, the best points for therapeutic intervention can be identified.
of aging is systems biology, an approach that is more data driven and hypothesis free, enabling investigators to view aging in a more holistic way, providing a more comprehensive framework within which to assess the role of damage to macromolecules in aging (Figure 1 ). This type of approach has been employed to elucidate a number of diseases in which age is a significant risk factor, such as Alzheimer's disease (32, 33) .
The type of modeling employed for the Alzheimer's disease example described previously has been generalized so that a broad diversity of trait types can be integrated to build predictive network models of complex biologic processes such as aging (32) . For example, recent modeling approaches have demonstrated the ability to integrate DNA variation, RNA levels, metabolite levels, protein levels, DNA-protein binding, protein-protein interaction, and protein-small molecule interaction data in a unified mathematical framework to construct predictive models of living systems (34) . Others have demonstrated for the first time the ability to integrate all available biologic knowledge to construct whole-cell computational models that predict phenotype from genotype (35) , paving the way for such models in more complex systems. Given demonstrations that very extensive, personalized panomics profiling can be carried out on individuals longitudinally (36), generating deep molecular and cellular profiling data on human populations over time is now possible, and these scales of data will enable the construction of predictive models that can elucidate the complexity of aging and aging-related phenotypes (37), including resolving causal relationships among complex biologic processes such as macromolecular damage and biologic processes associated with aging.
As an example of the type of experiment that could be run to resolve causal relationships among biologic processes, longevity, and age-related processes, consider an experimental animal population in which different members exhibit significant differences in longevity, which are subsequently extensively profiled at the molecular level across many different tissues over time. This is similar to the type of profiling groups have demonstrated are now possible in humans (6) . These data, when integrated with aging-related phenotypes that can also be scored in these populations, could inform at a network level the processes associated with aging and longevity. By leveraging DNA variation in these populations as a systematic source of perturbations, causal relationships between molecular and higher order phenotypes can be inferred to directly support a causal role for different molecular features of a system and aging, as has been shown previously across a broad range of disease phenotypes (7, 8, 33, 34, 38, 39) .
